The effects that 20 ppm poly(epoxysuccinic acid) (PESA), poly(aspartic acid)
Introduction

33
In many industrial processes that rely on water handling systems (e.g., oil and gas production, 34 water desalination, water treatment, cooling systems, etc.), the formation of mineral scales in 35 pipes, filters and heat exchangers has detrimental consequences to process efficiency. 1 surfaces. 4 However, a molecular level understanding of the mechanisms by which 60 antiscalants prevent mineral scaling is still lacking.
61
In addition, the post-reaction disposal of such industrial inhibitors leads to pollution 62 of the environment. [17] [18] [19] For example, when such P and N containing compounds reach water 63 ways, they play a key role in eutrophication which can cause major ecological damage.
19
64
Therefore, the concept of "Green Chemistry" was proposed and scale inhibitors that are not 
67
Among green inhibitors, poly(epoxysuccinic acid) (PESA) and poly(aspartic acid) PESA and PASP).
80
To address these gaps in our knowledge, we present here results from a study on the 
Results
134
In the additive-free experiments at both pH values tested (~ 4 or ~ 7), the solutions became However, the addition of the inhibitors at pH ~ 7 affected the induction times and the time to 
183
To obtain further insights into the role of the additives in inhibiting gypsum crystallization,
184
the atomic composition of the topmost surface layers of the gypsum crystals precipitated in 185 the absence and presence of the additives were characterized by XPS ( In addition, the C1s envelope was decomposed into three distinct peaks of C-C, C-O-C and
196
O-C=O groups. Table 2 Table 2 . Peak areas of C-C, C-O-C and O-C=O functional groups that contributed to the 213 total C1s peak area in the XPS spectra on the precipitated gypsum crystals; note that no 214 gypsum crystals precipitated from solutions containing 20 ppm PASP<5K at pH ~ 7. It is also worth noting that in Figure 4 the Ca 2p peaks corresponding to calcium ions in the 
227
The most profound effect on gypsum morphology and size was observed when PAA2K was conformation of active functional groups, the molecular structure, and molecular weight of 260 the polyelectrolytes), and the pH of the reacting solutions.
261
We have previously shown that pH is a main factor controlling the effectiveness of 262 polycarboxylic additives in inhibiting gypsum crystallization because the speciation of the Besides deprotonation, the solution pH also affects the conformation of polymeric 271 additives (see schematic illustration in Figure 6 ). For example, PAA is a weak polyelectrolyte 272 and its structure is pH-responsive and undergoes pH dependent conformational changes. the excess of sulfate and Ca 2+ ions not affected by the forming "net-structure"). However, at 295 pH ~ 4, PAA100K was slightly deprotonated and is present as an almost coiled configuration,
296
therefore Ca 2+ ions could partially build a "net-structure" (see ~ 2 % turbidity; orange points 297 in Figure 2 ) and thus most of the coiled PAA100K could adsorb onto the nucleating and 298 growing gypsum crystals. Therefore, PAA100K yielded higher inhibitory effect at pH ~ 4 than 299 pH ~ 7. Indeed, the role of Ca 2+ in cross-linking PAA polymers and alginates and forming a 300 net-like structure (hydrogels) has been reported also for calcium carbonates. formation of a "net-like" structure.
344
Our assertion that surface adsorption plays a major role is supported by our XPS / C-C peak area ratio (Table 1; Table 2 ; Figure 3 ) with the additive-free gypsum crystals 348 helped us to assess the association between the polymers and the surface of gypsum 349 crystals. [48] [49] [50] In the absence of additive, the atomic percent of the adventitious carbon in the additive-free system was ~ 0.10. In the PESA<1.5K-pH ~ 7 system, a minor increase in enhancing its adsorption affinity on gypsum crystals (also see Figure 1 and 2). In addition,
363
our XPS analysis revealed that the adsorption of PAA2K at ~ 7 was accompanied by a ~ 0.5 364 eV decrease in O-C=O binding energy, which further confirms the surface adsorption of the 365 polymeric additives by bonding onto the gypsum crystals and is similar to that reported for
366
PAA coated hydroxyapatite powders, 52 and PAA adsorption on alumina. 53 
367
The data in Tables 1 and 2 reveal that in the PAA100K system, the at.% of C1s at pH ~ to the formation of a "net-like" structure at high pH, which decreased the amount of PAA100K 376 available to be adsorbed on the gypsum crystals.
377
Here, it is worth noting that we also documented a ~ 0.6 eV decrease in Ca 
